Abstract Plasma technology has been widely applied in the ozone production, material modification, gas/water cleaning, etc. Various nanomaterials were produced by thermal plasma technology. However, the high temperature process and low uniformity products limit their application for the high value added chemicals synthesis, for example the functional materials or the temperature sensitive materials. Microplasma has attracted significant attentions from various fields owing to its unique characteristics, like the highpressure operation, non-equilibrium chemistry, continuous-flow, microscale geometry and self-organization phenomenon. Its application on the functional nanomaterial synthesis was elaborately discussed in this review paper. Firstly, the main physical parameters were reviewed, which include the electron temperature, electron energy distribution function, electron density and the gas temperature. Then four representative microplasma configurations were categorized, and the proper selection of configuration was summarized in light of different conditions. Finally the synthesis, mechanism and application of some typical nanomaterials were introduced.
Introduction
Plasma is generally referred to as the fourth state of substrate, which is usually described as a mixture of fully or partially ionized gas [1] . Due to the presence of a diversity of energetic species such as electrons, ions, atoms, charged particles and excited molecules, plasma is applied to stimulate the chemistry especially the ones that can hardly be realized in mild ways, e.g. methane reforming [2] [3] [4] [5] , CO 2 conversion [6] [7] [8] , VOC decomposition [9] [10] [11] , surface treatment of polymer surfaces [12] [13] [14] [15] , medical treatment [16] [17] [18] [19] [20] , material synthesis [21] [22] [23] [24] [25] , etc. Plasma technology is commercialized and industrialized in the fields of ozone production, material surface modification, air/water cleaning, medical facilities, etc., which has already shown promising energy effects and economic benefits.
Nanomaterial synthesis is widely realized through non-plasma related methods, like chemical vapor deposition (CVD) [26] [27] [28] , solvothermal routes [29] [30] [31] , sol-gel methods [32] [33] [34] , laser ablation [35] [36] [37] , etc. Fine quality products could be obtained when the starting materials and processes were properly chosen and controlled by non-plasma methods. However, it's normally difficult to control the distribution of nanoparticle size due to the extremely long reaction time. Besides, the post treatments like washing or annealing to improve products' chemical purity or crystallinity are always required, resulting in complex steps which are time and energy consuming, thus limiting their industrial applications [38] .
Compared with the named non-plasma technology which uses thermal energy from high temperature, a plasma-based technology uses energy from plasma discharges to activate precursors. Therefore, it allows the use of temperature sensitive or low reactive precursors. Besides, the plasma-based technology always has unique properties such as the ability to produce nanomaterials with the freedom of choice in constituents, along with ''chosen'' properties such as the crystallinity and morphology [39] . Series of plasma-based technology like spark plasma sintering, thermal plasma expansion or plasma-enhanced chemical vapor deposition (PECVD) were developed over decades. And a wide range of nanomaterials were synthesized under different conditions, for example, carbides nanosized powders such as WC [40] , TiC [41] , TiCN [42] , SiC [43] [44] [45] , nitrides nanomaterials such as TiN [46] [47] [48] [49] , AlN [50] [51] [52] , Mg 3 N 2 [53] , GaN [54] , BN [55] , oxides nanomaterials such as Al 2 O 3 [56] , [57] , SnO 2 [58] , V 2 O 5 [59] , ZnO [60] , TiO 2 [61] and metal nanoparticles such as Ag, Cu, Fe [62] [63] [64] .
Plasma was also applied for producing carbon materials over the past decades, among which two typical examples were carbon nanotubes (CNT) [65] [66] [67] [68] [69] and carbon black (CB) [70] [71] [72] . Nowadays one intensively studied field is the production of carbon black by thermal plasma, where there were two competing and patented processes exist [73] . One was the Kvaerner process developed in Norway, in which carbon black and hydrogen gas were produced from the hydrocarbons like methane, biogas or natural gas by thermal plasma [74, 75] . Another was the three-phase arc plasma process developed in France [71, [76] [77] [78] , in which hydrocarbons were decomposed in an arc plasma reactor. Compared with other method, both methods are very energy efficient and can almost convert all the hydrocarbons.
Till now, a number of plasma processes for nanomaterial fabrication were developed. Currently there has been an increase in the number of reports about the plasma assisted nanomaterial synthesis. However, most of the existed plasma technology for nanomaterial synthesis are normally designed and operated at low pressure which necessitates expensive vacuum equipment and is not in favor of industrialization. The spatial scale of the reaction volume involved in these reactors is always large, leading to the difficulty to control a uniform temperature, concentration and residence time distribution environment for particle nucleation and growth, thus the produced products are commonly characterized by partial agglomeration and wide size distribution [79] . In addition, the surmised mechanism for nanomaterial synthesis includes the collisions between radical moieties in gas phase, which can be enhanced substantially at high pressures [80] . Therefore, a plasma technology for high quality nanomaterial synthesis which can be easily operated and controlled under atmospheric pressure is needed.
This could possibly be addressed by the recent developed technique of microscale plasma -microplasma, which is a special category of plasma confined within sub-millimeter length scale in at least one dimension [81] . In virtue of the increased surface-tovolume ratio and the decreased electrode spacing, microplasma boasts several key advantages compared with conventional plasma: the high-pressure operation, non-equilibrium chemistry, continuous-flow, microscale geometry and self-organization phenomenon [80] . In general, it possesses the characteristics of the conventional plasma but combined with microscale geometry, resulting in a new and novel branch of plasma science. Based on these reasons, microplasma is intensively researched in recent years for their potential applications in a wide range of fields.
Besides the above mentioned unique chemistry, microplasma offers the possibility of preserving strong non-equilibrium state in a wide range of gas mixtures [82] , allowing for high reaction rates, and enabling a large number of fast and efficient high-throughput processes [79] . Since the micro reactor geometry can limit the particle nucleation and growth by controlling a short residence time with a narrow RTD, the production of narrowsize distributed nanoparticles is easy to achieve. On the other hand, the microscale also makes it easy to realize discharge under high pressure, along with the reduction of safety risks when handling toxic materials. By virtue of the above mentioned advantages, in latest years there have been more researches on functional nanomaterial synthesis by microplasma, although it retains a disadvantage of low product output as a result of the small scale dimension. In this paper, the state of the art for the fabrication of nanomaterials by microplasma is going to be discussed.
The comparison of different methods for nanomaterial synthesis was summarized in Table 1 . Table 1 Methods for nanofabrication with their advantages and drawbacks
Methods
Advantages Drawbacks
Non-plasma related methods
Products with high purity and good quality when raw materials and processes are well selected and controlled
Microplasma Parameters and Applications
According to the Paschen's law, the breakdown voltage of a discharge for a certain gas is a function of the pressure and the gap length between two electrodes. Microplasma is a type of plasma which is generated in a micro scale discharge gap (at submillimeter level) under atmospheric pressure. Except the advantages of short residence time and narrow RTD, another significant feature of microplasma is its non-equilibrium state, in which the gas temperature T g is much lower than the electron temperature T e . There are mainly two reasons. Firstly, the electrons exchange energy via collisions with the other radicals such as ions or neutrals. When plasma is confined in a micro zone, the collision rate increases significantly, as well as the average energy exchanged. Therefore, reducing plasma size at constant pressure leads to an increase of electron temperature. Secondly, due to the high surface-to-volume ratio, the heat coupled from the power supply dissipates immediately and doesn't accumulate. The non-equilibrium state provides new pathways for nanomaterial fabrication that cannot be achieved by conventional ways and especially favors the synthesis of temperature sensitive materials as well as the use of temperature sensitive precursors. In order to get insights into the intricate features of microplasma, systematic diagnostic studies of different types of microplasma have already been carried out. The parameters characterizing microplasma feature such as the electron temperature T e , electron energy distribution functions (EEDFs), the electron density n e and the gas temperature T g have been measured and calculated by various established techniques.
Electron Temperature and Energy Distribution Functions
The electron temperature, T e , determines the energy of electrons in microplasma, while the EEDFs reflect the distribution of energetic electrons. Both of them have a deep impact on [85] the process in nanomaterial synthesis. The high energy electrons enable efficient, nonthermal dissociation of vapor precursors and other molecular gases to form reactive radical species. The EEDFs allow the production of high concentrations of those species in a certain T e range. The higher electron temperature always leads to a rapid increase of ''effective'' collision among the radicals and results in an enhancement of average energy of them. As a consequence, more radicals for nanofabrication can be obtained during ionization processes. According to the researches on microplasma characterization, there are mainly two factors affecting the non-thermal state of plasma: the non-transient effect and the micro dimension, which can be adjusted by applying the pulsed discharges or by changing the electrodes' distance. As mentioned above, the difference between the electron temperature and gas temperature determines the plasma's non-thermal state. In this section the measurement of the electron temperature are provided, along with a brief summary ( Table 2) and some representative examples on the two factors and the corresponding electron temperatures [83] [84] [85] , followed by a general statement of EEDFs in microplasma.
Normally the electron temperature could be measured by an optical emission spectroscopy or by the Thomson scattering based method. In the former one, the microplasma is the source of an intense excimer emission. Through the line intensity measurements by an optical emission spectroscopy the plasma electron temperature could be measured. In the latter method, the free electrons of plasma accelerate and radiate in the oscillating field under the effect of the high power laser, they have thermal velocity and cause the Dopplershift from the incident laser wavelength. By measuring the formed Doppler shifted scattered spectrum, the electron temperature can be determined [86] .
Frank and his co-workers [87, 88] measured the electron temperature in an Ar microdischarge which was driven by a DC power supply. They found that the mean electron temperature was about 1 eV, which was less than half of the value (about 2.25 eV) when applying nanosecond pulses to the DC microdischarge. Another example is shown by Moselhy et al. [89] , they researched the Xe excimer emission in a DC generated microdischarge by applying electrical pulses with 20 ns duration, and were able to increase more than an order of the magnitude of the Xe excimer emission over a DC discharge, which also indicated the existence of a significant fraction of high energy electrons in microplasma. The raise of electron temperature when coupling pulsed discharge to the DC plasma could be attributed to the electron heating effect, since it allows to heat electrons while simultaneously keep the gas temperature unchanged.
As to the micro dimension, a typical example is using an Argon plasma sustained between a capillary exit and a substrate (the distance can be changed) to study the relationship between the electron/gas temperatures and the micro dimension [82] . The results showed that micro discharges exhibited the non-equilibrium characteristics. And reducing the plasma size always leads to the increase of the electron temperature. Since the plasma volume is reduced, a better power coupling from the electrical fields to the electrons could be obtained, resulting in the increase of electron temperature. Electron temperature as high as 14 eV could be achieved when the distance between the substrate and the capillary exit was reduced to 0.2 mm.
In different microplasma conditions and configurations, the electron temperature varies significantly from each other, so does the electron energy distribution. Although there are no specific results on the relationship between EEDFs and other parameters, one common result is that the electron energy distribution in microplasma is not following Maxwellian distribution, which has already been verified by experimental studies [90] and simulations [91] .
A typical experiment was conducted between two parallel plate electrodes separated by 200 lm, which reflecting the electron and ion kinetics in atmospheric pressure He DC microplasma [92] . In their experiments, various locations with different distances to the cathode were investigated, and the EEDFs were tested. The results indicated that three groups of electrons can be identified according to their energy: low energy electrons (\1 eV), mild energy electrons (1-20 eV) and high energy electrons ([20 eV). Reflected by the significant high energy tail attributed to the acceleration of electrons near the cathode, the high energy electrons are abundant in this regime. In the bulk region, the high energy tail disappears because the electric field is much lower than the sheath area. The density of mild energy electrons also changes drastically with their energy, but is less than the low energy electrons. This result proves again that the electron energy distribution functions are not following the Maxwellian distribution.
Electron Density
Another important parameter to characterize microplasma is the electron density, n e , which varies significantly with the electrodes distance, pressure, power, gas component and so on. Compared with conventional plasmas, microplasma can be operated at a higher pressure due to the possible breakdown of ''pressure times discharge distance'' scaling, indicated by the Paschen's law. As a result, the higher density energetic species such as electrons or other charged particles can be obtained in microplasma. In nanofabrication process, the high electron density can enhance the collision rates of precursors to produce high concentration of radical moieties, resulting in more efficient processes for the particle formation and growth, especially highly favorable for the nanomaterial synthesis. In this section the electron density measurement is introduced, along with some typical examples of experimental parameters and the corresponding electron densities.
The electron density varies in different conditions, and it could be measured by the Stark broadening technique or by the optical emission spectroscopy (OES) line-ratio method. Experiment diagnostics demonstrate that the Stark broadening technique has a fundamental limitation when the electron density is in the range between 10 13 and 10
. It is because the presence of resonance known as the van der Waals and the Doppler broadenings, where the sum of low electron density may dominate the line broadening. The OES line-ratio method is a good option when measuring the electron density in such a range. While in the range of 10 16 -10 18 cm -3
, the Stark broadening technique is a better alternative [93] .
Many studies have been carried out to characterize the electron density of microplasma. The results show that it differs largely in various setups, for example, the electron density of glow discharge under atmospheric pressure was found in the region between 10 9 and 10 13 cm -3 , in cases such as non-uniform discharges like atmospheric pressure microplasma jet, this value could be between 10 14 and 10 15 cm -3 [81] . For the microwave excited microplasma in argon near atmospheric pressure, the value could be more than 1 9 10 14 cm -3
. The other factors, such as pressure, power, plasma dimension and operating gas also have an impact on the electron density.
Some general features have been observed in many unbounded microdischarges at atmospheric pressure. A higher electron density will be obtained by operating at a narrower discharge gap with a constant power. A higher power input will not change the electron density but only lead to an expansion of the discharge volume [94, 95] . This is because the small spatial size of plasma always has a relative large surface-to-volume ratio, resulting in a relative high ionization degree, which is benefit for obtaining a higher electron density.
Generally the electron density was the highest at the middle of the discharge gap and decreased along the way to each electrode. McKay et al. [96] researched various RF atmospheric pressure He microplasmas with the frequencies ranging from 10 MHz up to 2.45 GHz, and found that the electron density was in the order of 10 17 m -3 when the electrodes were separated by a distance of 500 lm, and it varied in different positions. However in bounded microdischarges, the electron density associates not only with gap distance but also with input power. A RF (144.0 MHz) microplasma jet with different powers was studied by J A Souza-Correa et al. [97] , where the electron density increased from 0. 35 9 10 15 to about 1.29 9 10 15 cm -3 by increasing the power from 5 W to 50 W.
Gas Temperature
The gas temperature is another important parameter that must be considered in the process of nanomaterial synthesis. A high gas temperature can result in coagulation and spheroidization effects, leading to a significant thermal damage to the temperature sensitive precursors, products or substrates involved, sometimes even cause the evaporation of solid objects. This problem is more severe in microelectronic manufacturing industry where the high gas temperature always easily exceed the melting points of some metallic interconnects [1] . Microplasma is termed as the non-equilibrium low-temperature plasma because the electron temperature is much higher than the neutral and ion temperature. The non-equilibrium feature makes it a good choice for nanomaterial synthesis, especially for temperature sensitive materials. In this section some interesting examples are provided, along with the introduction of the gas temperature measurement. There are normally two methods to measure the gas temperature in plasma. One is by measuring the Doppler profile of emission or absorption lines, which is due to the velocity distribution of atoms. Through the degree of Doppler broadening the translational temperature can be determined [98] , [99] . The N 2 s positive system can also be adopted to estimate the gas temperature, according to the study of M. Bazavan et al. [100] , the electron temperature is generally much greater than the gas temperature, while the rotational temperature is equal with the gas temperature. Therefore, by modeling the N 2 emission spectra of the molecular rotational bands belong to the N 2s positive system, the rotational temperature in the microplasma can be obtained [100] .
The gas temperature is in close connection with the discharge current and the gas composition. Generally it is higher for molecular gases and lower for rare gases. The pressure also has a significant impact on the temperature [101] . By observing the rotational profile of the band of the second positive N 2 system in atmospheric pressure air microplasma, the gas temperature was measured to range from 1700 to 2000 K when regulating the discharge current from 4 to 12 mA [102, 103] . As to a microplasma generated in a hollow cathode metal tube, the value was approximately 1200 K for pure Ar and kept constant at different discharge currents. When nickelocene or copper acetylacetonate was introduced to the plasma, the value was estimated to be 1200 and 1500 K at the current of 4 and 8 mA respectively [104] . Also the gas temperature depends strongly on pressure [105] . It increases from about 380 K at 50 mbar to around 1100 K at 400 mbar in the Ar microplasma.
As can be seen from above, compared with conventional plasmas, microplasma has a relatively higher electron temperature as well as a larger electron density, also its uniquely featured non-equilibrium thermodynamics makes it particularly suitable for nanomaterial synthesis. Besides, more potential applications in various fields are being studied and investigated currently. 
Microplasma Applications
Owing to its unique characteristics, a series of important, sometimes novel applications are being exploited with the development of the microplasma technology, among which one particularly promising and suitable application is for nanomaterial synthesis. Table 3 shows a comparison of some features valued by nanofabrication process between microplasma and conventional plasma. A more detailed elaboration about the microplasma application will be discussed in ''Microplasma Configurations for Nanomaterial Fabrication'' and ''Nanomaterials Fabricated by Microplasma and Their Applications'' sections. Thanks to the high reactivity and relatively low operation cost, microplasmas have been studied for the environmental application, especially for the destruction of the volatile organic compounds (VOCs) such as ethylene, benzene, toluene and octane. Becker [106] and his colleagues researched comprehensively on several types of microplasmas and their use in the remediation of VOCs and biological decontamination. They obtained the maximum VOCs destruction efficiency between 90 and 100 % for all researched compounds. Takafumi Seto et al. [107] developed a miniaturized DBD microplasma device for the decomposition of VOCs in the gas phase. The results showed that for a batch system the toluene decomposition efficiency was almost 100 %, while for a flow system the efficiency was more than 80 %.
A number of researches have concentrated on the use of microplasma for biological systems. Since microplasma can inactivate microorganisms like cells, viruses, bacteria, spores, biofilms, it has been used as a tool for inactivation, sterilization and bio-decontamination [101, 106, 108] . Jerzy Mizeraczyk et al. [106] investigated an atmospheric pressure microplasma generated by Ar and Ar/O 2 microwave for biomedical applications. They performed several biocidal tests of samples treated by Ar, Ar/O 2 (0.5 %) and Ar/O 2 (1 %) microplasma, and found that there was a reduction of bacteria population for all treated samples. Becker et al. [109] used capillary plasma electrode reactors in different gas mixtures such as pure He, He/air, He/N 2 and air to study the inactivation of Bacillus subtilis spores and Bacillus stearothermophilus spores. The results showed that the decimal reduction factor (D-value, which is used to describe the time for reducing a specific active microorganism concentration by one order of magnitude) could be achieved in less than 2 min.
Another interesting application is as an ultraviolet radiation source. Since the presence of a high density of energy electrons in microplasma, it enables the excimer formation for gases. Many researchers studied extensively on rare gases such as He [110] , Ne [111] , Ar [112] , Xe [113] or rare gas halide mixtures like XeCl [114] , and concluded that up to 8 % internal efficiencies was approached by Xe excimer microplasma sources, while for heavier rare gases, lower efficiencies were achieved. As to the rare gas halide mixtures, efficiencies of the order of a few percent have been measured. With the advances in the design of microplasma arrays, there is a promising of using them as large area light sources both in visible and ultraviolet spectrums. Microplasma has also been intensively studied for its application in surface treatment of glasses or polymers [115, 116] . In industries such as the display manufacturing, eye glasses and automobile side-view mirrors, hydrophilic property is required to make electrical connections between flat-panel surfaces, or to keep the glass surface transparent under mist conditions. As mentioned above, there are abundant active species and radicals in the microplasma environment, which can activate the molecules or atoms on the surface of glasses or polymers. With such interactions the surface will be modified and a hydrophobic layer could be formed to improve their hydrophilic property [117] .
Other applications like biomedical diagnostics [118] , spectroscopic analysis [119] and medical treatment of human skin [120] were also reported and under development. 
Microplasma Configurations for Nanomaterial Fabrication
So far various microplasma configurations have been developed and used in different applications. Generally the classification could be made based on the power sources, ranging from DC power supply to other different kinds of radio frequency from kHz to GHz. Also it could be classified by different electrode geometries, such as dielectric barrier discharges (DBDs) [123] , hollow electrode discharges [124] , micro-cavity discharges [125] , microplasma jets [126] , microplasma arrays [127] and so on. Figure 2 shows several microplasma systems with different electrode geometries. [116] , copyright 2012 The Japan Society of Applied Physics). d Surface sterilization treatment of human skin (reprinted with permission from [120] , copyright 2014 Elsevier). e Ultra violet radiation sources (reprinted with permission from [122] , copyright 2011 IOP Publishing)
Hollow-Electrode Microcharges
Hollow-electrode microcharges are relatively simple structures used for nanomaterial fabrication and can be operated stably at atmospheric pressure and room temperature. Generally there are two hollow metal capillary tubes separated by 1-2 mm, both are connected to a DC power supply and act as the cathode and the anode respectively. Meanwhile, they also function as the precursor transporters, in which precursor vapors are introduced by a flow of inert gas such as Ar or He, and dissociated in the plasma area between two electrodes. The formed aerosol particles can be collected by an electrostatic precipitator or by a filter installed after the reactor. In an emblematical hollow-electrode microcharge, the typical voltage and current used to prepare nanomaterials are at the level of hundred V and several mA, which are too small to ionize electrodes. Therefore, electrodes won't take part in the reactions.
In a representative structure developed by Chiang and Sankaran [128] , microplasma was formed between two electrodes which were separated by 2 mm. The cathode was a stainless steel capillary tube with an inner diameter of 180 lm, the anode was a stainless steel tube/mesh, and both were sealed inside a quartz tube to keep stable plasma operation. During the discharge process, the size and distribution of the generated nanoparticles could be measured by the followed aerosol size classification. In addition, they used the produced nanoparticles as catalysts for carbon nanotubes (CNTs) growth in a tube furnace, and studied catalytic properties of various compositionally-tuned Ni x Fe 1-x nanoparticles. The two-stage microplasma system is schematically illustrated in Fig. 3 .
A similar microplasma reactor as Fig. 3 was used to produce multimetallic nanoparticles by the dissociation of organmetallic vapors [129] . The organmetallic compounds such as Ni(Cp) 2 , Fe(Cp) 2 , Cu(acac) 2 , Pt(acac) 2 were used, and a series of mono-, bi-, and tri- metallic nanoparticles with various compositions were synthesized by varying the flow rate of precursors. Ultra-fine (less than 5 nm in diameter) nanoparticles with narrow size distribution could be fabricated because of the extremely short residence time (about 1 ms) in such micro-structure.
In addition to preparing metal nanoparticles and CNTs, hollow-electrode microcharges were also used to prepare Si nanowire [104] or nanodiamonds [130] . The results showed that this novel approach could produce ultrafine nanoparticles at atmospheric pressure and room temperature.
Microplasma Jets
Currently various configurations of microplasma jets were proposed and used as nanomaterial fabrication tools, with different types of power supplies (dc, rf or microwave) to ignite and sustain the plasma. Gas jets with external electrodes, like wire electrode or tube electrode, were built. Belmonte et al. [81] pointed out that the following three items should be addressed concerning microplasma jets: (1) Controlling the location of the deposition area by regulating the precursors' flow -currently the most common way is locating capillaries where the precursors flow through. (2) Managing consumable wires that were used as nanomaterial sources -most of the microplasma jets use the consumable wires as precursors of the to-be-built nanostructures; the wire is consumed as the reaction goes on. (3) Coupling the power supply (dc, rf or microwave) to the system to form plasma -the power supply has strong influence on the growth of nanomaterials, and various approaches were adopted based on the configuration of setup. Several representative examples of microplasma jets are shown in Fig. 4 . Based on whether to use consumable wires as electrodes or not, there are two categories of microplasma jets.
Microplasma Jets with Consumable Wires as Electrodes
As mentioned above, the consumable wires were used as precursors in many microplasma jets. Therefore, metal wires such as W [126, 131] , Fe [126] , Cu [126] , Mo [79, [132] [133] [134] and Au [135] were reported to be used for preparing desired nanomaterials. Table 4 summaries the main reports using consumable wires for nanomaterials preparation. Generally the microplasma jets using consumable wires as electrodes were quite similar in their configurations. Usually a metal wire was used as the solid precursors and inserted inside a capillary tube. Various plasma gases such as Ar, He, N 2 , H 2 , O 2 or their mixtures flew through the capillary tube to form the plasma. According to the different ways of coupling the power supply, microplasma could be formed inside or outside the tube. A part of the metal wire resided within the microplasma volume, and reactions would take place on its surface. In such a configuration, different nanomaterial structures could be obtained on the wire surface or on the substrate below the plasma jet [136] . During the deposition process, process parameters such as the gas flow rate, gas composition, substrate distance and input power can be varied to produce a wide range of nanomaterial structures. The results showed that this approach is a cost-effective and versatile way to produce metal/ metal-oxide nanomaterials compared with other methods.
A representative configuration is shown in the Fig. 4c [133] . A Mo wire (100 lm diameter) was used as the precursor as well as the electrode and connected to a high voltage power supply (5 kV). A Si substrate was placed above the copper electrode and used for the collection of nanomaterials. Ar and O 2 mixtures were introduced during the [140, 141] , Pd(hfac) 2 [142] and Cu(hfac) 2 [142] are provided to prepare the desired products. Table 5 summaries the main reports using tube or external electrodes to prepare nanomaterials by microplasma jets. Compared with the microplamas using consumable wires as electrodes, this type of microplasma jet has a higher degree of flexibility in configuration. Since there are more available ways to couple the power supply to the system, a wider range of process parameters could be set, like precursors ratio, power coupling mode, residence time and so on. Furthermore, in addition to metal/metal-oxide nanomaterials, this method can also produce other nanomaterials by dissociating corresponding precursors, making it possible to prepare more products with different structures.
One typical example of the microplasma jet with tube electrodes is shown in Fig. 5 [143] . A hollow WC tube was used as the cathode electrode and Ar carrier, and connected to a RF (13.56 MHz) power supply via a matching circuit. During the experiments, a microplasma jet was formed at the tip of the WC tube and contacted directly with a Fe-coated Si substrate. CH 4 was supplied to the microplasma jet through a separate gas line. In this research, variables such as the plasma exposure time, plasma power, gas flow rate and composition were studied. By plasma heating, a mixture of CNTs, Si nanowires and Si nanocones were produced via the combination processes of FeSi x catalytic growth, Si diffusion and oxidation. Another example was using a hollow microneedle as the electrode by connecting it to an AC power supply [137] . After introducing He and the precursor -gas mixtures of CH 4 and H 2 , microplasma was ignited by applying 100 W RF power. Compared with CVD method, a higher CNTs deposition rate could be achieved by this method even at a lower temperature. This may attribute to the plasma effect which lowered the activation barrier of CNTs growth. A representative example of microplasma jet with external electrodes is a similar structure as the Fig. 4a [144] . A tungsten wire was inserted in a quartz tube and connected to a high DC power supply. A copper coil surrounding the quartz tube acted as the external electrode. Microplasma was ignited by a DC power supply (15 kV) and sustained at atmospheric pressure with the external electrode. CH 4 and Ar were used as the precursor and the carrier gas to form carbon materials without extra heating. Another similar microplasma jet with external electrodes was applied to deposit TiC, TiO 2 and TiN coatings [140] . Plasma was generated in a SiO 2 nozzle, which was wounded by a copper wire as the external electrode. By using titanium tetraisopropoxide as the precursor, titanium-based nanomaterials were deposited on stainless steel rods to improve their performance.
Considering the scaling-up of microplasma jet system, Cao et al. [145] studied a ten-jet microplasma array (Fig. 6) for its electrical and optical characteristics, and found that it had achieved excellent uniformity jet-to-jet both in time-and space-wise. If microplasma arrays could be properly designed and used in the process of nanomaterial synthesis, it may allow to increase nanomaterials throughput drastically and to enable the deposition of thin films in a relatively large area. 
Microtorches
Plasma torches have been wildly used for the synthesis of nanomaterials, particularly suitable for the deposition of coatings with different performance. In most cases, gas temperatures are above 4000 K, which are close to thermal equilibrium state [81] . The high temperature and high energy density of the plasma torch make it possible to spray refractory materials, which can't be achieved by other plasma methods. The produced nanoparticles are easily clogged under such high temperatures, leading to a broad size distribution. Plasma torches can be generated by microwave or dc arc discharge, which are shown in Fig. 7 [81] . It is worthwhile to mention that they are contamination free since they could be formed without any internal electrodes.
When the plasma torch is confined in a relative small spatial zone, it becomes ''microtorch''. Seriously speaking, there is no clear boundary between plasma torch and microplasma torch. However, compared with microplasma jets, the plasma formed in microtorch commonly has a larger zone and a higher gas temperature, and the produced nanomaterials always have larger sizes and a wider size distribution.
Precursors fed to microplasma torches are mainly solid or liquid. Clogging in the small discharge space should be avoided. For DC microplasma torches there are usually two approaches to introduce the precursors, as illustrated in Fig. 8 [81] . One approach is feeding precursors perpendicularly to the microplasma torch but not in contact with any electrode, as shown in Fig. 8a . In the other case, precursors could be feed axially flowing through inner electrodes, as shown in Fig. 8b . When a microplasma torch is applied for the deposition of various performance coatings, the coatings properties are mainly influenced by two factors-the particle velocity and the particle temperature [146] . To improve the quality of microplasma sprayed coatings, one effective way is to inject precursors axially along the plasma torch, allowing a longer dwelling time for precursors in the plasma zone. However, the sprayed particles may adhere to electrodes in such case, limiting the practical application of DC microplasma torches. Since microwave torches do not have internal electrodes, the blocking problem can be avoided. As mentioned above, temperatures in microplasma torches are usually very high, particularly suitable for producing refractory material coatings, or handling refractory precursors. However, they are unfriendly for high quality nanoparticle synthesis, especially the heat-sensitive materials. And the particles produced by microplasma torch always have a relatively broader size distribution and are easier to agglomerate compared with the other microplasma methods. In order to prevent particle agglomeration and to improve the product quality, a quenching section becomes necessary, which helps to obtain particles with reduced size distribution. Other methods such as adding extra electrical field, confining plasma volume or reducing residence time could also be helpful to obtain high quality products.
One typical example of producing refractory nanomaterial coatings is using a hollow cathode microplasma torch to deposit Al 2 O 3 coating [146] , in which commercially available Al 2 O 3 powder with a size distribution from 10 to 20 lm was used as the precursor. Argon acted as both the operating gas and the carrier gas during the deposition process. Different plasma powers were used to deposit Al 2 O 3 films, which were obtained at a 10 mm spray distance on a steel plate used as the substrate. The results revealed that almost the Al 2 O 3 particles in the coating were well-flattened, and the particle thickness would decrease with the increase of plasma power.
Liquid Phase Microplasma
A range of approaches to generate microplasmas on/in the liquid have been developed, such as applying the DC power sources, high frequency power sources, pulsed high voltage Fig. 7 Microplasma torches generated by a microwave discharge and by b dc arc discharge. Reprinted with permission from [81] , copyright 2011 IOP Publishing Fig. 8 Two main approaches to introduce precursors to DC plasma torches. Reprinted with permission from [81] , copyright 2011 IOP Publishing power supplies and several other methods. Generally the liquid phase microplasma can be classified into two categories, the noncontact glow charge electrolysis (GDE) and the contact glow charge electrolysis (CGDE) [147] . In the former one, plasma is formed in the gas phase that above the solution surface, while in the latter case plasma is formed inside the solution. Anyhow, the plasma and the liquid interface is a ighly complex area where multiple phases (gas, liquid and vapor) exist. Moreover, charged or highly reactive species such as gaseous and solution ions, electrons and radicals make the liquid phase microplasma of promising applications in various fields. One particularly interesting application is for nanomaterial synthesis [148] .
It's a new and attractive way to produce colloidal nanoparticles in an aqueous solution, where the microplasma is spatially located, and the bulk liquid still remains at the ambient condition. As we know, the liquid density is much larger than the gas density. Moving the plasma to the liquid phase allows the increasing of pressure more significantly than the gas phase plasma, resulting in an additional confinement of the plasma [80] . The highly confined and localized discharges may offer potential routes for preparing nanomaterials directly and efficiently. Furthermore, a lot of active chemical species can be generated in aqueous phase, including OHÁ, OÁ, HÁ, H 2 O 2 and O 3 , which are beneficial for nanofabrication. There are also studies showed that the water may contribute to the non-equilibrium state of microplasma. As well known, a fraction of the energy in plasma that coupling to the electrons could heat up the bulk gas. In liquid plasma, water acts as a heat sink, the heat can be quickly dissipated, thus it could prevent the gas temperature from drastic increase and preserve a non-equilibrium state [149] .
For nanomaterials synthesized by the GDE method, one example was demonstrated by Huang et al. [150] , in which they produced Ag nanoparticles via a microplasma-assisted electrochemistry process (Fig. 9a) . A capillary SS tube acted as the cathode and was placed 2 mm above the surface of electrolyte. Helium was coupled as the operating gas and formed the plasma between the cathode and the electrolyte surface. A Pt foil was used as the anode and placed 3 cm away from the cathode, a DC power supply with a high voltage around 2 kV was applied to ignite the plasma. They synthesized Ag nanoparticles with various sizes and dispersions by controlling different process parameters. After that, they prepared Au nanoparticles in HAuCl 4 solution by a similar setup, which is schematic shown in Fig. 9b [151] . A SS capillary and a Pt foil acted as the cathode and the anode respectively, with He as the plasma gas. Au NPs were synthesized at the interfacial region where the formed plasma interacted with the solution. They found the size of Au NPs was a function of process parameters, such as solution temperature, current, and rate of stirring. In addition to the metal nanoparticles, the GDE method were also applied to produce metal-oxide nanoparticles such as Fe 3 O 4 [152] and Cu 2 O [153] .
For nanomaterials prepared by the CGDE method, one typical example was demonstrated in Fig. 10 , in which Au nanoparticles of different shapes were fabricated in aqueous solutions [154] . Tungsten electrodes were separated by 0.3 mm and put in a vessel filled with HAuCl 4 solution, while the temperature was maintained at 25°C by a cooling system. The plasma was ignited by a pulsed DC power supply with a frequency of 15 kHz. During the discharge process, applied voltages of 1600 and 3200 V were used. The solution was stirred by a magnetic stirrer, with sodium dodecyl sulfonate as a stabilizer. By this approach, Au nanoparticles around 20 nm in diameter with exotic shapes such as triangular, pentagonal or hexagonal were obtained.
A novel technique was used to prepare water-soluble CNTs by a setup based on the CGDE technology (Fig. 11) [155] . The microplasma was generated between two electrodes by applying high pulsed voltage. O 2 , Ar and N 2 were used as the bubbling gases to enhance the discharges between electrodes. Commercial CNTs were added in deionized water, and the formed suspensions were treated by the microplasma. After one hour's treatment in a stirred tank, high water-soluble CNTs were obtained. The study showed that the high energy electrons of the microplasma could enhance the excitation and ionization of H 2 O molecules and lead to the generation of radicals such as OÁ and HÁ. Then the strongly oxidative OÁ reacted with HÁ to form OHÁ groups at the CNT surface, and the introduction of hydrophilic OHÁ groups to the CNT surface caused a higher solubility of CNTs in water. There is a general agreement that the liquid phase microplasma would provide a potential guidance for various applications, such as the nanoparticle synthesis [150] , flame electrochemistry [156] , spectrochemical analysis [157] , wastewater remediation [158] and so on. However, the underlying mechanism of reactions is still poorly understood, and the chemical and electrochemical processes still remain unclear. Currently just several kinds of [148, 159] , Cu [160] , Ti [161] . In some ways the current state of liquid phase microplasma is still considered as an ''art'' rather than a ''precise science'' [147] , more investigations are needed to get those confusions solved.
Selection of Appropriate Microplasma Configuration for Nanomaterial Synthesis
The selection of microplasma configuration mainly depends on the precursors and the desired products. One benefit of microplasma is its micro-geometry. Therefore, the required quantity of precursors is quite small compared with other methods, which inevitably associates with low product output. It should be pointed out that the application of microplasma on nanomaterial synthesis may only be cost-effective for producing high value-added products or products that can't be produced by other means. For the hollow-electrode microcharges, the electrodes also function as the ''precursor carriers''. Owing to their small inner diameters, the solid or liquid precursors are not allowed to be used directly in such configurations, because they can easily block the tubes. Therefore, nanomaterials can only be synthesized by the gas-phase nucleation from their precursor vapors. If a precursor is in solid or liquid state, the most common way is using another gas (often plasma gas, such as Ar, He and N 2 ) to carry its vapor to the reaction zone. If a precursor has a low vapor pressure at room temperature, the heating tape or oven can be adopted to get the desired value.
For microplasma jets and microtorches, the option for precursors has more flexibility. In principle, liquid, gas or solid can be used as precursors, although in most cases gas or solid state precursors are chosen as they are easy to handle in such configuration. There is even a report about using supercritical CO 2 as the precursor to produce carbon materials by a DBD microplasma jet [162] , which shows that supercritical fluid could also serve as an alternative precursor and provide a favorable environment for nanomaterial synthesis. Another attractive concept to supply precursor is evaporating or sputtering a sacrificial metal electrode, correspondingly metal nanostructures or metal oxides can be prepared, which can't be approached by other microplasma configurations. However, as mentioned, the temperatures of microtorches are usually very high, which may lead to a thermal damage to precursors that are temperature sensitive. In such cases, it's better to choose microplasma jets rather than microtorches. On the other hand, if the spherical nanoparticles are to be prepared, the microtorches are best suited, because the droplet-like nanostructures are expected to be the prominent shape in high temperatures [1] .
The precursors of liquid phase microplasma are quite different from that of other kinds of plasma, and almost are electrolytes containing metal ions of the desired nanomaterials. By such device, the salts with low vapor pressures are especially suited as precursors. In addition to the metal salts, sacrificial metal electrodes are also used as precursors, which are oxidized to form metal ions in the solution and then reduced to metal nanoparticles by the impact of plasma. Compared with traditional electrochemical methods which need organic stabilizer to prevent the agglomeration or the deposition of nanoparticles on electrodes, this approach is stabilizer-free because of the free-contact of electrolytes with electrodes.
Above all, Table 6 shows a brief summary of precursors used and products obtained by the above mentioned microplasma configurations. It can be used as a guideline for process design or for choosing an appropriate type of plasma in nanomaterial synthesis.
Nanomaterials Fabricated by Microplasma and Their Applications
Since nanomaterials exhibit unique properties that are attractive to various high performance applications, currently the nanomaterial fabrication is considered as one of the most promising research fields. Microplasma is particularly suitable for nanomaterial fabrication thanks to its unique characteristics, such as the non-equilibrium state, stable operation at atmospheric pressure and room temperature, high radical densities. It can dissociate precursors efficiently and nucleate nanoparticles from atomic level, allowing preparing nanoparticles below 10 nm in size through the so-called ''bottom-up'' way. Different configurations of microplasma setups have been developed, with a wide range of nanomaterials synthesized in recent years.
Metallic Nanoparticles
Metallic nanoparticles could be synthesized by a variety of methods, for example, using microfluidics in single-phase flows or multi-phase flows, additive-assisted synthesis, carbothermic reduction and so on. Metallic nanoparticles prepared by microplasma were already mentioned in ''Microplasma Configurations for Nanomaterial Fabrication'' section, the reaction mechanism and their application will be further introduced in this section.
Synthesis and Mechanism
As introduced in ''Hollow-Electrode Microcharges'' section, Chiang et al. [128] synthesized Fe and Ni nanoparticles from ferrocene and nickelocene respectively by a hollowelectrode microplasma system. The obtained nanoparticles were narrowly dispersed and non-agglomerated compared with other methods. Bimetallic and multimetallic nanoparticles were also synthesized in such microplasma system, such as Ni x Fe 1-x [128] [129] .
The existence of high density energetic electrons in small scale reaction zones allows the decomposition of precursors and the nucleation of nanoparticles efficiently in situ. Currently the detailed mechanism for nanoparticle nucleation and growth in microplasma is still unclear. The process may have something to do with precursors' concentration, dissociation enthalpy or other processing parameters. However, a general hypothesis of the mechanism can be shown in Fig. 12 [129] . Organometallic compounds like Ni(Cp) 2 , Fe(Cp) 2 and Cu(acac) 2 vapors are dissociated in microplasma to form radical moieties such as NiÁ, FeÁ, CuÁ and C 5 H 5 Á as the first step. Afterwards, these radicals collide with each other randomly to nucleate pure metal NPs or multimetallic NPs. Metal nanoparticles such as Ag [148] , Au [151] , Cu [160] and Ti [161] that prepared by microplasma electrochemical method were introduced in the ''Liquid Phase Microplasma'' section. A potential mechanism for the nucleation of metal nanoparticles M from deduction of metal cations M ? via GDE approach is shown in Fig. 13 [147] . Similar to the conventional electrochemical processes, there are three distinct reasons for ion transportation to the plasma-liquid interface: (1) electric field induced metal ions (M ? ) migration, (2) convection, (3) diffusion. In electrolytes the convective force is weak and only attributes to the free convection. There is no appreciable concentration gradient in the electrolytes except the plasma-liquid interface. As a result, the diffusion dominates only in this area. Once M ? reaches the interface, they undergo electron transfer process to produce metallic M 0 atoms. However, because of the inability to characterize the plasma-liquid interface by electrochemical probes, the mechanism of electron transfer process and nanoparticle nucleation still remains unclear. Once M 0 atoms are obtained at the interface, they may serve as sites for nanoparticle nucleation and growth. Afterwards, the formed nanoparticles may aggregate and become large clusters or networks, then transported to electrolyte bulk by diffusion or convection process.
Applications
Metallic nanoparticles attracted immense interest in a wide range of fields such as the catalysts [128, 159] , biological applications [163] , medical applications [164] , bio-sensing applications [165] and so on. In this section two typical examples are introduced, one is for CNTs growth and another for cancer treatment, corresponding to nanoparticles production by the gas phase microplasma and by the liquid phase microplasma respectively.
Metallic nanoparticles produced by microplasma can be used as catalysts for many processes, for example, Ni and Fe nanoparticles show excellent catalytic activity for CNTs growth [166] . Chiang et al. [128] used Ni and Fe nanoparticles to catalyze the CNTs growth. The results showed that the reduction of Ni nanoparticle, with the size distribution Fig. 12 The assumed mechanism of pure metal NPs and multimetallic NPs synthesis by microplasma. Reprinted with permission from [128] copyright 2011 Wiley-VCH from 3.1 nm to 2.2 nm, caused an improvement for the rate of CNTs growth by 13 times. Moreover, Ni nanoparticles with different dimensions could control precisely the CNTs' inner and outer diameter as well as wall numbers [167] . Afterwards, they studied the catalytic activity of the bimetallic nanoparticles, and found that Ni x Fe 1-x could significantly increase the catalytic activity and lower the activation energies for CNTs growth compared with monometallic nanoparticles [128] . For example, with Ni 0.67 Fe 0.33 nanoparticles, the CNTs could grow at 300°C with activation energy as low as 37 kJ/mol, while CNTs only grew at 400°C with Ni nanoparticles and the activation energy was estimated to be 73 kJ/mol.
Metallic nanoparticles, particularly the noble metal nanoparticles, showed promising prospects in cancer treatment due to their unique characteristics such as the high surface to volume ratio, facile surface chemistry, excellent optical properties as well as the ability to convert radio frequencies or light into heat [164] . They can extravasate into tumor stroma and accumulate at tumor sites, and be tracked directly by optical microscopy because of their special optical and imaging properties. Furthermore, the noble metal nanoparticles hold great promise to kill cancer cells selectively through hyperthermia effect. Microplasma electrochemical method may become the most attractive and reliable way to prepare metal nanoparticles for biological application, since it is environment friendly without any stabilizers, the products are smaller with narrower size distribution compared with the products achieved by other methods.
Si Nanomaterials

Synthesis and Mechanism
Silicon nanoparticles were synthesized in microplasma driven by the RF power supply [138, 168] or DC power supply [104, 169] at atmospheric pressure, through different Fig. 13 The potential mechanism for preparing metal nanoparticles by GDE approach [147] . Reprinted with permission from [147] [168] , shown in Fig. 14. They were highly crystalline with the size smaller than 5 nm. Besides, it was proved that Si NPs could be nucleated and grown at temperatures well below their crystallization threshold, which was attributed to the effective heating in the non-thermal microplasma. Another example is to synthesize the Si NPs by using SiH 4 as the precursor and Ar as carrier gas, a hollow-electrode microdischarge was used to produce high quality Si nanoparticles [170, 171] . The results showed that blue luminescent Si nanoparticles with diameters in the range of 1-3 nm and with narrow size distribution could be obtained by this method. In addition, when H 2 was introduced in the plasma, a lower possibility of Si condensation and a lower particle growth rate were achieved, owing to the enhanced surface passivation of Si by hydrogen [172] .
Although the detailed mechanisms are different in various processes, usually the general mechanism follows a similar rule. Taking SiH 4 as an example [80, [170] [171] [172] , silane dissociation takes place by electron impact dissociation and allows the formation of different kinds of reactive radical species such as SiHÁ and HÁ, which were confirmed by their Fig. 14 Plasma setup (a, b) and the produced Si NPs (c). Reprinted with permission from [168] copyright 2014 AIP Publishing LLC emission lines in the OES spectra. The addition of H 2 not only promotes the particle heating but also induces a transition of Si from amorphous state to crystalline state. Afterwards, due to their high reactivity, the formed radicals such as SiH 3 Á, SiH 2 Á, HÁ collide and react with each other immediately to nucleate clusters via the recombination process. More and more radicals collide with those clusters, and they will grow or agglomerate by additional radical or vapor deposition on their surface or by the collisions with other clusters to form Si nanoparticles. Due to the fact of the short residence time and being charged, the particles agglomeration was suppressed, products with very good size control were obtained in the gas phase, which can be collected in the followed sections.
Applications
Si is one of the most abundant elements on earth, and is well known for its significant application in the semiconductor industry. However, the indirect band gap of Si elements causes the poor optical properties, limiting their application in many fields. Recently the nanostructured Si materials have spurred intense interests and are the most popular functional materials in commercial electronic industry due to the following reasons: (1) good stability and non-toxicity; (2)quantum confinement effects; (3) well-established fabrication technique; and (4) high carrier mobility [173] . It is an inspiring direction to use Si based nanomaterials to explore a diverse of application fields.
Among the silicon nanostructures, Si nanowires are the low-dimensional nanostructures which have unique structural, optical, electrical and thermoelectric properties [173, 174] . They have a direct band gap because of the quantum confinement, therefore, they are optically active materials suitable for photonics applications [175] . Besides, the excellent light-trapping properties of Si nanowires make them the low-cost and high-efficient alternatives of the traditional silicon solar cells, because they allow the orthogonalization of light absorption [176] . Besides, when they were used as lithium ion batteries' anodes, they exhibit superior electrochemical performance along with good recyclability and stability [177] . Furthermore, with the high selectivity and sensitivity, the label-free detection capability and real-time response, Si nanowires have shown promising prosperous in cellular recording and biomedical diagnosis applications [178] .
Metal-Oxide Nanomaterials
Synthesis and Mechanism
Various microplasma configurations and processes have been developed to produce metaloxide nanomaterials. Currently the most common configuration is the microplasma jet (Fig. 4) , because it is convenient to use sacrificial metal electrodes as precursors, or use tube/external electrodes with flexible precursors, allowing many approaches to couple power supply to ignite and sustain the plasma.
MoO x nanoparticles were prepared by an atmospheric pressure microplasma jet (similar to Fig. 4 (c) ) using a consumable Mo wire as the electrode. Two possible mechanisms were proposed based on the gas flow rates (Fig. 15) [132] . When the gas flow rate was less than 20 ml/min, the reaction and condensation effect of active species is dominant. The atomic oxygen can oxidize Mo wire surface easily, once it was oxidized the molybdenum oxides volatilize into gas phase. Then under the impact of ions and electrons, volatilized oxides were decomposed into MoÁ and OÁ in the microplasma, and these radicals react and condense with each other to form Mo oxides. However, at a higher gas flow rate, the gas temperature was reduced, and the molybdenum wire surface was in a molten state, leading to the ejection of molten droplets to form Mo oxides NPs downstream. Therefore, the difference of mechanism is that in low gas flow rates atomic oxygen is used to oxidize both MoÁ and Mo wire surfaces, while in high gas flow rates it is consumed only to oxidize Mo wire.
In addition to consumable wires, organometallic precursors such as nickelocene, Pd(hfac)2 or Cu(hfac)2 hydrate were also used as precursors. The metal oxide nanowires such as CuO, PdO and NiO were produced at different conditions [142] . There was also a report which was using a pulsed microplasma cluster source to synthesize metal oxide films by ablating metallic targets. Nanostructured Mo, W, and Nb oxide films with several hundreds of nanometers thickness were formed by this approach [179] .
Different mechanisms were proposed for metal-oxide nanoparticles produced by microplasma jets. However, generally in every process microplasma plays two important roles [142] : (1) it dissociates precursors and provides active metal species directly, from which nanomaterials nucleate and grow; (2) it interacts with background gas to provide active oxygen species, which are an essential part of metal oxides nanomaterial synthesis. For different processes, specific mechanisms vary largely because reactions in microplasma are so complicated, since they are closely related to the type of precursors, gas flow rates, temperatures as well as other plasma parameters.
As mentioned in ''Liquid Phase Microplasma'' section, metal-oxide nanomaterials like Cu 2 O and Fe 3 O 4 also can be produced by the GDE method. Compared with microplasma jet, the setup of liquid phase microplasma is much simpler, because all the nanoparticles can be collected in solution instead of substrates. Furthermore, it doesn't need to provide O 2 as the precursor, for OÁ can be achieved from H 2 O. However, only DC power supply has been reported to sustain the liquid phase plasma, while for microplasma jet, various alternatives such as RF or microwave power supply systems have been reported.
Applications
Metal oxide nanostructures have the potential to play an important role in many technologies, such as the sensing devices [180] , biomedical applications [181] , energy conservation [182] , catalysis [134] , waste water treatment [183] and so on. On account of their unique mechanical and chemical properties, metal oxide nanomaterials are favored as the Fig. 15 Mechanisms of Mo oxides synthesis in a low gas flow rates and b high gas flow rates. Reprinted with permission from [132] , copyright 2006 IOP Publishing functional coating materials in various fields. This section just focuses on a promising field-the deposition of functional metal oxides coatings by microplasma. Some representative examples of functional nanomaterials will be introduced, followed by the potential way to deposit the large scale coatings using microplasma arrays.
Metal oxide nanomaterials with different performances are considered to be perfect coating materials in many applications. For example, TiO 2 coated surface is hydrophilic and remain transparent under mist or rainwater because the contact angle between water and surface is small. There is hardly any water drop deposited on the coated surface. Such coatings could be used for eyeglasses or automobile side-view mirrors [184] . Al 2 O 3 nanomaterial is an ideal coating material which is very attractive for the metal cutting industry because of its favorable chemical stability, excellent thermal property, great wear and deformation resistance, together with its super toughness [185] . Cu 2 O nanomaterials recently have received significant attentions as alternatives for Si nanomaterials in transparent conduction films, which are attributed to their excellent optical absorption properties [186] . Mo oxides coatings have also been widely used in a wide range of engineering fields due to their high melting point, excellent corrosion resistance as well as beneficial mechanical property, making it possible to control the friction and wear performance of materials over a wide range of temperatures [187] .
High quality functional coatings could be obtained by microplasma technology. Compared with other methods, microplasma can produce ultra-fine nanomaterials with high uniformity. The coating process can be conducted in gas phase by the direct plasma jet/torch spraying or in liquid phase by the plasma electrochemical method. However, because of its relatively low output, one key unanswered question of microplasma technology is whether it can provide required throughout for industrial coating applications. With the growing demanding for high quality functional coatings in various fields, there is an increasing need for the deposition of large area coatings. A novel idea holding great promise for large scale deposition was proposed by adopting microplasma arrays (a typical example was shown in Fig. 6 [145] ), which can increase material output easily via arranging series of microplasmas together and operating them simultaneously. Moreover, microplasma arrays also have the potential to deposit more than one layer coatings with different performance when using a two-dimensional design, which is depicted in Fig. 16 [80] . Operated with different precursors and conditions in each array, multilayer functional coatings can be obtained by scanning microplasma arrays in one direction. Therefore, if microplasma arrays were well designed, with appropriate precursors and processes, functional metal oxides coatings could be prepared in large scales by this approach.
Carbon Nanomaterials
Synthesis and Mechanism
A series of carbon nanomaterials were prepared by microplasma technology in past years, including the CNTs [128, 137, 166, 188] , nanodiamonds [130, 189] , nanorods [188] , carbon nanoparticles [190] and so on. In this section, several typical examples were introduced. One smart microplasma system for producing nanodiamonds at atmospheric pressure and room temperature is using the hollow-electrode microcharge configuration (Fig. 3 ) [130] . Ethanol vapor was chosen as the carbon source and continuously introduced to the microplasma by Ar and H 2 mixture. A glass filter was installed at the exit of aerosol flow to collect nanoparticles. The results confirmed that high-purity nanodiamonds could be prepared at relatively neutral conditions by this route. Although the detailed mechanism has not been discussed yet, it was confirmed that the existence of C2 and CHÁ species during the dissociation process would contribute to the nucleation of solid carbon clusters and nanodiamonds respectively. The introduction of H 2 was affecting the diamond growth and the non-diamond carbon etching, resulting in the stabilization of diamond phase carbon and the selective removal of non-diamond phase carbon. Another example about the deposition of nanodiamond crystals was achieved by a microplasma array [189] , in which four jets were operated in parallel in the capillary tubes. The deposition process was conducted at a sub-atmospheric pressure (200 Torr) chamber, with H 2 and CH 4 as precursors. Molybdenum foils were adopted as substrates and kept at 800°C during the process. The results showed that the high quality diamond nanocrystals could be prepared at various CH 4 concentrations (Fig. 17) .
A pin-electrode microplasma configuration was used to prepare carbon nanomaterials in a SEM chamber, where a Pd needle was used as the anode and a Si wafer coated by Pt films was used as the cathode [190] . CH 4 was adopted as carbon source and a pulsed high voltage power supply operated at 10 Hz frequency was used to sustain the plasma. Various carbon nanomaterials such as the CNTs, carbon nanoparticles or carbon nanosticks were obtained at different deposition times in this process.
The mechanisms are quite different in the processes of carbon nanomaterials synthesis, which are closely associated with deposition parameters such as the input power, gas composition, substrate temperature, catalyst, gas flow rate, etc. Generally they undergo a similar rule, the chemical bonds of carbon sources are broken by the impact of energetic electrons in microplasma. The precursors are dissociated into various radicals. These high reactive radicals collide with each other to nucleate small clusters and form nanomaterials after a series of complex processes.
One interesting phenomenon observed during carbon nanomaterial synthesis by microplasma is the self-organization. Nanomaterials prepared in plasma are always charged and interact with each other under Coulombic forces and van der Waals forces, allowing the formation of well ordered, large scale nanostructures [80] . An example system was using a stainless steel pipe as the electrode and a Ni wire as the substrate, in which vertically aligned CNTs were deposited on the Ni wire surface when a negative bias voltage was applied on it [188] . The studies showed that a large quantity of species such as CH 3 Á, CH 2 Á and CHÁ could be obtained in the plasma. With the negative bias voltage, a perpendicular static electric field was formed on the Ni substrate, resulting in the formation of vertically aligned CNTs bundles. Another example is the formation of self-organized carbon nano-connections between the catalyst particles when exposed to a microplasma jet [191] . In the experiment, CH 4 and Ar were introduced to form the plasma which was sustained by a UHF (450 MHz) power supply. A Si substrate coated by Ag or Fe was treated by this plasma. After the depositing process for a certain time, self-organized carbon connections were produced. The results suggested that the electric field determined the growth direction of carbon nano-connections. In this case the catalyst particles were dispersed over the substrate surface and created a two dimensional electric field. Between these two adjacent catalytic nanoparticles the electric field gradient was maximum along the straight line, which significantly affected the carbon surface diffusion and growth process. Therefore, compared with vertically aligned CNTs formed due to the electric field perpendicular to substrate, carbon nano-connections grew along the surface in virtue of the electric field along the substrate surface.
Applications
The carbon nanomaterials have attracted enormous interest for many potential applications due to their extraordinary properties. For example, nanodiamond has superior hardness, high thermal conductivity and chemical stability, so it is used as an excellent composites for filler materials [192] . With the addition of nanodiamonds to the polymers, substantial improvements in mechanical strength, thermal conductivity, adhesion and wear resistance can be obtained. Besides, they are non-toxic, biocompatible and have tunable surface chemistry, particularly suitable for biomaterials in the bone tissue engineering [193] . CNTs are also widely used for their superior mechanical properties. For example, they were adopted as reinforcement materials for polymer composites [167] , implant materials [194] and scaffolds for cell encapsulation [195] . Furthermore, their high thermal conductivity makes them attractive as the cooling system materials on computer chips [196] . Increasingly potential applications will be explored and achieved in future with the developing technology of producing high-quality carbon nanomaterials at low cost.
Conclusions and Outlook
This review paper has studied the recent achievements on microplasma as an innovative tool for functional nanomaterial synthesis. The unique physical and chemical properties caused by the increased surface-to-volume ratio and the decreased electrode spacing are the main reasons that make microplasma particularly suitable for nanomaterials synthesis. Various microplasma systems were designed to fabricate nanomaterials. And the nanometer-sized, high purity and narrow size distributed products were synthesized by this unique approach. Despite the promising perspective of microplasma technology, some challenges remain. Investigations on the mechanisms are highly required to better understand the process for nanomaterial generation. And the universality of microplasma technology for different nanomaterial synthesis should be further studied. The further development to an industrialization level of microplasma technology would require the intensive collaboration among material chemists, physicists, electrical engineers and chemical engineers.
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